In this research, a Silica-based crystallising protective material was integrated into a fresh concrete mix to evaluate 25 its efficacy in reducing water absorption while preserving the compressive strength level of the mixture. An 26 optimum concrete mix design was determined, by producing several concrete mixes with different water to cement 27 ratios (w/c) of 0.32, 0.37, 0.40, and 0.46, and treated with 2% and 4% of the crystallising admixture. Water 28 absorption and the mechanical properties of the treated and control mixes were measured, using the Initial Surface 29 Absorption Test (ISAT) and the compressive strength and the flexural strength tests respectively. Results showed 30 that it is possible to obtain a water-resistant concrete without compromising its compressive strength if the right 31 w/c ratio was used and the proper dosage of the crystallising material was added. In addition, results revealed that 32 treatment is beneficial only in the case of producing concrete with a low w/c ratios of 0.32 and 0.37 and treated 33 with the crystallising material. The compressive strength can increase up to 42% and with a significant drop in 34 water absorption reaches 65%. Treated concrete was analysed thoroughly under the Scanning Electron 35 Microscope (SEM) and X-Ray Diffraction instrument (XRD) to show the development of crystals with time and 36 their interaction with the concrete mix.
Introduction
mixes are shown in Table 1 .
115
The characteristics and main components of admixture (A) are listed in Table 2 .
116
It is noteworthy that the 2% and 4% proportions of material (A) were added to the total amount of each 117 mix, as stated in the manufacturer instructions, without affecting the proportions of the original mix design.
118
All the treated mixes were tested to check their resistance to absorb water, and their capability to conserve 119 the compressive strength without dropping down. A control mix, with 0% additive, was produced for each mix 120 for comparisons reasons. The description and coding of each mix are mentioned in Table 3 .
122
Procedure 123
For the purpose of testing concrete under the proposed objectives, 144 concrete cubes, with 100mm x 100mm x 124 100mm size, were produced; 48 cubes used as a control mix, 48 cubes treated with 2% of the material (A), and 125 48 cubes treated with 4% of the material (A). All the produced cubes were conventionally cured in a water tank 126 at a 20 °C temperature for 7, 14 and 28 days before testing them at these periods. In addition, 36 concrete beams 127 with 100mm x 100mm x 500mm size were produced and cured in the same aforementioned conditions; 12 beams 6 used as a control mix, 12 beams treated with 2% of the material (A), and 12 beams treated with 4% of the material 129 (A).
130 Figure 1 represents an outline of the test specifications, including the number of cubes used for each mix 131 and the tests that were used to assess their performance.
132
In the beginning, concrete consistency of the treated mixes was evaluated by using the slump test, 
Slump Outcomes 147
Results from this test are outlined in Table 4 with some observations noted after 28 days of curing.
148
Although the slump value for the 46/4A mix was very high, this mix did not develop any cracks through 149 the 28 days of curing. Also, like the other mixes, no segregation was observed at all.
150
In the case of 32/2A and 32/4A, concrete was hard and, as obvious, the slump values for both mixes were 151 zero. However, despite the difficulties in compacting such mixes, a very well compacted concrete was produced 152 with no apparent cracks.
154

Microstructure Study 155
Treated concrete specimens were studied under the Scanning Electron Microscope (SEM) at different 156 magnifications ranging between 500X and 12000X, after day one, day three and day seven of casting to evaluate 7 the development and distribution of the crystals, and their interaction with the essential concrete ingredients.
158 Figure 2 illustrates the growth and allocation of crystals with time inside the concrete mix.
159
Material (A) absorbs some of the water used in the concrete mix to form its crystals. These crystals grow 160 and develop within the first 24 hours of casting concrete, and they integrate within the concrete ingredients at a 161 very early age. This could be noticed from Figures 2 a-f, where the sequence of the micrographs taken from day 162 1 until day 7, show that the size and distribution of the crystals maintained the same throughout the tested period.
163
In parallel, treated concrete was tested under the X-Ray Diffractometer (XRD) instrument and analysed Water absorption of all the different mixes, either treated or not, can be noticed to decrease with time but 188 with different efficacies. 32/4A mix has shown the least absorption rate amongst all mixes during the 7, 14 and 189 28 days periods with zero absorption rates after 30 minutes and 60 minutes of testing on 28 days. This treatment 190 enhanced the performance of the mix by reducing water absorption by 55% of its control mix at the age of 28 191 days. Also, 37/4A mix showed a proximate performance to the previous mix, with an absorption rate of 0 ml/m 2 .s 192 at 60 minutes on 28 days, with a total reduction of 65% in water absorption compared to its corresponding control.
193
On the other hand, concrete with 46/4A revealed the worst performance between all the mixes at all times and 194 periods with absorption rate varies from 0.23 ml/m 2 .s at 7 days to 0.10 ml/m 2 .s at 28 days (both after 60 minutes 195 of testing). Moreover, in the case of the 0.46 and 0.40 mixes the control mix has performed better than the treated 196 ones with 4% of material (A) at 28 days and after 60 minutes of testing, with a difference in performance of 53% 197 and 40%, respectively, between the treated mixes and the control. The high absorption rates in these treated mixes,
198
in reference to their control, come from the high water quantity used in the mix, compared to the 0.32 and 0.37 199 mixes, which resulted in high slump values, as shown in Table 4 . This high slump indicates the high workability
200
of both mixes resulting from adding the crystallising material. The crystallising material is a dual functioning 201 material that works on absorbing some of the water to form crystals that line the pores of the concrete, and after 202 the formation of these crystals, they work on repelling excess water. Repelling this excess water reduces the 203 amount of water needed to complete the hydration process, which results in the formation of micro-cracks inside 204 the treated concrete. Accordingly, higher absorption rates will be expected for treated concrete like the 46/4A and 205 40/4A mixes. On the other hand, a minor improvement in water impermeability was observed in the 0.40, and 206 0.46 w/c ratio mixes when treated with 2% of material (A) and at the age of 28 days.
208
Compressive Strength Outcomes 209
Results from the 7, 14 and 28 days compressive strength tests for all concrete mixes, either treated or untreated, 210 are illustrated in Table 5 . It also includes the difference between the compressive strengths of treated concrete and 211 its reference control mix, and the variability in individual cubes.
212
As shown in Table 5 , a reduction in compressive strength was observed in all treated mixes that were 213 tested at the age of 7 and 14 days. At the 7 and 14 days periods, more water would be available compared to the 214 28 days period so that the hydration process will be faster during those periods. With the presence of the 215 crystallising material in the mix, more water will go to activate the crystals which will decrease the total amount 216 of water needed to accelerate the hydration process. This will result in slowing down the hydration process at the 9 7 and 14 days periods. 46/4A concrete at the 7 and 14 days periods suffered the most significant loss in strength 218 due to the high amount of water in this mix which supports the previous claim.
219
At the age of 28 days, 32/4A concrete has achieved the highest compressive strength between all treated 220 mixes, with a total enhancement of 31.4% of the related control mix. Also, 37/4A concrete delivered similar 221 performance to 32/4A mix and increased the compressive strength of the mix by 42.2%. On the other hand, the 222 treated mix 46/4A experienced the highest strength loss between all mixes with 32% deficiency of the related 223 control mix. Moreover, all treated mixes with w/c ratio of 0.40 and 0.46 suffered from a strength loss that ranges 224 between 19.8% and 32% related to their control mix. This could be correlated to the high slump values that these 225 mixes delivered (Table 4) , which increased their workability, in view of the high w/c ratio of these mixes.
226
Nevertheless, all remaining treating regimes have shown moderate improvement in compressive strength that 227 ranges between 13% and 21%. between all the mixtures with a total improvement of 29% and 18% respectively to their control mixes.
240
Optimum Mix Design 241
The aim of the performed tests was to determine the optimum concrete mix that includes the right w/c ratio and 242 the optimum dosage of the protective treatment, in terms of compressive strength and water absorption. ISAT 243 results, for instance, revealed that a mix design with 0.37 w/c ratio and a dosage of 4% of the crystallising material 244 would offer a very high protection level against water ingress with a drop in water absorption of 65% when 245 compared to the corresponding untreated mix. The same treated mix increased the compressive and flexural 246 strengths by 42% and 18% respectively when compared to control. A higher increase in compressive and flexural 10 strengths was observed in the 0.32 w/c ratio mix treated with 4% of material (A), with a rise of 55% and 29% 248 respectively. On the other hand, this mix enhanced water impermeability with an efficacy of 55% compared to its 249 control.
250
In the case of concrete with high w/c ratios of 0.40 and 0.46 and treated with the crystallising material, a 251 destructive effect was noticed in terms of compressive and flexural strengths. However, water absorption has only 252 increased when treating these mixes with 4% of material (A), and a little reduction in water absorption has 253 occurred when the 2% of material (A) is applied. This means that there is no point in treating concrete mixes with 254 high w/c ratios especially if the treatment works on reducing the desired compressive strength.
255
The usefulness of this kind of treatment should also be investigated regarding chloride penetration to 256 validate its efficacy. 
267
(2) The 0.37 w/c ratio mix along with the 0.32 w/c ratio mix, both treated with 4% admixture, showed 268 the best performance, regarding water absorption resistance, among all the mixes. They both prevented water 269 ingress at 30 minutes and 60 minutes testing periods. Additionally, the 0.37 w/c ratio mix treated with 4% 270 admixture showed a significant reduction in water absorption levels close to 65%, and the 0.32 w/c ratio mix 271 treated with 4% admixture reduced water absorption levels by 55%.
272
(3) Regardless of the positive impact of treating 0.46 w/c ratio mix with 2% of material (A) on 273 waterproofing, a parallel damaging effect has emerged that reduced the 28-days compressive strength of the mix 274 by 23% of the control. Similarly, a reduction of 20% in the 28-days compressive strength was observed in the 275 0.40 w/c ratio mix treated with 2% admixture.
11
(4) Results from the 0.46 and 0.40 w/c ratios may suggest the impracticality of treatment, as the 277 compressive and flexural strengths of untreated mixes were less than those treated with 2% admixture, despite the 278 improvement in the impermeability that treatment has achieved. Adding to that, the damaging effect that the 4% 279 dosage has shown on both strength and water absorption.
280
(5) An optimum mix design could be obtained by treating the 0.32 and 0.37 w/c ratio mixes with 4% 281 admixture. Water absorption has dropped by more than 55% and 65%, respectively, of their untreated mixes, and 282 compressive strength increased by more than 31% and 42%, respectively, above the initially designed strength.
283
Furthermore, an increase of 29% and 18%, respectively, in flexural strength was observed in those mixes.
284
(6) Based on the previously tested conditions, treatment with the crystallising material (A) is considered 285 useful only in the case of producing concrete with low w/c ratios that range between 0.32 and 0.37.
286
(7) Analysing treated concrete under the SEM showed that crystals are formed and settled within the 287 detailed texture during the first 24 hours of casting. Also, XRD analysis showed that the size of the shaped crystals 288 is smaller than most of the voids of a normal concrete, making their integration inside the concrete easily. 
